Gap junctions are intercellular junction apparatus found in almost all multicellular animals and are involved in direct intercellular communication. Those of invertebrate animals consist of the innexin protein family. We developed antibodies against peptide fragments of Bombyx mori innexin 2, and examined tissues of Periplaneta americana by Western blotting, immunohistochemistry and immunoelectron microscopy. Intense immunoreactivity of innexin 2 was found in the midleg, gizzard and thoracic muscular tissues. Immunoelectron microscopy showed that immunogold particles of innexin 2 were aggregated around cell adhesion structures between muscle fibers. These results suggest that innexin 2 is expressed in the muscle cells of cockroaches and is involved in synchronization of muscle contraction.
INTRODUCTION
In most multicellular animals, from hydra to humans, neighboring cells interact via gap junctions, which aggregate in various parts of cell membranes. Each gap junction channel is composed of two facing hemichannels, and the central tunnel of a channel may enable ions and small molecules smaller than about 1-2 kDa molecules to pass from one cell cytoplasm into another (Phelan, 2005) . Their permeability is affected by various conditions, such as the charge of passing molecules, the microenvironmental condition of each cytoplasm, and the type of connexin subunit (Phelan and Starich, 2001 ).
In the 1950s, Furshpan and Potter (1959) showed that giant interneurons and motor neurons of crayfish transmit action potentials without synaptic contacts, and Watanabe et al. (Bauer et al., 2005) showed a similar phenomenon in cardiac ganglia of lobsters. Physiological studies of gap junctions started in invertebrates, but the protein components of gap junctions were first found in vertebrates and were named connexin (Kumar and Gilula, 1986; Paul, 1986) ; however, there are no connexin genes in invertebrates, although the presence of gap junctions was confirmed.
Electrical synapse defects occur in shak-B mutants in the interneurons connected to the optic nerve and giant nerve systems; thus, shak-B was predicted as the gene of gap junction proteins in fruit flies (Phelan et al., 1996) . A similar protein family found in fruit flies and nematodes was named innexin (INvertebrate conEXIN) (Phelan et al., 1998a) . Some innexin mutants of fruit flies and nematodes are known to show lethal failure during morphogenesis (Starich et al., 2003; Bauer et al., 2004) .
Innexins expressed in Xenopus oocytes are able to form intercellular electrical conductive channels (Phelan et al., 1998b; Landesman et al., 1999) . The fact that some innexins cannot form homomeric channels but form heteromeric channels with other types of innexins suggests that innexins have tissue-specific functions (Stebbings et al., 2000) . Ectopic expression of innexins causes morphogenesis to fail in the development of fruit flies (Curtin et al., 2002) .
Amino acid sequences of innexins are predicted to be four transmembrane domains, two extracellu-lar and one intracellular loops, and amino and carboxyl terminals. Although there is no homology in amino acid sequences between connexins and innexins, the secondary structure of both proteins is thought to be very similar. Thus, genetic and molecular studies of innexins have proceeded in various ways, but their cell biological information is not fully understood. In the present study, we made antibodies against peptide fragments of Bombyx mori innexin 2, and examined tissues of Periplaneta americana by Western blotting, immunohistochemistry and immunoelectron microscopy.
MATERIALS AND METHODS
Production of antisera. His tagged fusion protein containing the C-terminal sequence of innexin 2 of a Bombyx mori (GI: 45775782,AA270-359: FLWFWFMILSILSGISLLYRMAVVAGPRVR-LYLLRARSALAPQEQIEAVARKLQIGDWFV-LYQLGKNIDPLIYKELMTELAEKFEGNDKV) and thioredoxin was synthesized by the pET32b plasmid vector and BL21(DE3) Escherichia coli, and the products were purified using a HisTrap HP Kit (General Electric Company). The purified fractions were lyophilized, dissolved in distilled water in 2.5 mg/ml and then mixed with the same quantity of Freund's complete adjuvant. Five mice were immunized twice with the emulsion at weekly intervals and the blood was collected under deep anesthesia by ether. Serum was obtained after centrifugation at 2,500 rpm (400ϫg) for 10 min and named INX2-CT. Rabbit antiserum against the first extracellular loop of innexin 2 (GI: 45775782, VG-PHVEGQDEVKYHK) was produced by Japan Bio Services Co., Ltd. (Saitama) and named INX2-EL1.
Western blotting. The brain, abdominal skin, gizzard, muscle of pectoral region, muscle of coxa of midleg, and eye of adult Periplaneta americana were removed from insects anesthetized with CO 2 and homogenized in 0.1% SDS in 10 mM PBS. Protein concentration was measured by UV absorbance (A280). The samples were mixed with the same volume of 2ϫ sample buffer (10% glycerol, 2% SDS, 0.1% BPB, 2% mercaptoethanol, 50 mM Tris-HCl pH 6.5) and boiled for 5 min. The samples were applied to NuPAGE 4-12% Bis-Tris Gel (Invitrogen Corporation), electrophoresed at 200 V, and blotted onto PVDF membranes at 25 V for 45 min. The membranes were immersed in blocking solution (2.5% skim milk in PBS) for 1 h, incubated at 4°C in INX2-CT or INX2-EL1 diluted into 1 : 1,000 for 18 h, washed with 0.1% Tween-20 in PBS for 10 min 3 times, incubated in biotinylated horse anti-mouse IgG secondary antibody or biotinylated goat anti-rabbit IgG secondary antibody at room temperature for 1 h, and colored using an ABC kit (Vector Laboratories) and DAB solution (0.1 M Tris-HCl pH 7.2, 0.05% DAB, 0.002% H 2 O 2 ).
The antigen fusion protein of INX2-CT and the antigen peptide of INX2-EL1 were immunostained by Western blotting and dot blotting, respectively, as a positive control. The concentration of antisera and other stain methods were as stated above.
Immunohistochemistry. Tissues removed from P. americana were fixed in 4% paraformaldehyde for 1 h and dehydrated in an ethanol series. After clearing with xylene, they were embedded in paraffin and cut 8 mm thick. The slices were mounted on slide glasses and deparaffined with xylene 2 times for 5 min, and hydrophilically treated in 100%, 100%, 95%, 90%, 80%, 70% ethanol for 5 min in each step. Dewaxed sections were immersed in blocking solution (1% skim milk in PBS) for 1 h, incubated at 4°C in INX2-CT diluted 1 : 300 or INX2-EL1 diluted 1 : 1,000 for 18 h, washed 3 times with PBS at 10-min intervals, incubated in biotinylated horse anti-mouse IgG secondary antibody or biotinylated goat anti-rabbit IgG secondary antibody at room temperature for 1 h, and colored using an ABC kit (Vector Laboratories) and DAB solution (0.1 M Tris-HCl, pH 7.2, 0.05% DAB, 0.002% H 2 O 2 ).
Immunoelectron microscopy. Gizzards removed from P. americana were fixed in 4% paraformaldehyde for 1 h and examined by the preor post-embedding method as follows.
Pre-embedding method. Fixed tissues were cut into small pieces, with repeated 3 times in freeze (Ϫ80°C)-thaw (20°C) conditions in order to increase the permeability of cell membrane to antibodies. They were embedded in OCT compound, and cut 20 mm thick. The sections were immunostained in a similar way as described above. The colored samples were post-fixed in 2.5% glutaraldehyde and then in 1% osmium tetroxide solutions for 1 h. Post-fixed samples were dehydrated in an ethanol series, immersed in propylene oxide, and embedded in Epon 812. Ultra-thin sections were cut at 75 nm thick, electron-stained weakly in lead citrate, and observed by a JEM1220 electron microscope at accelerating voltage of 80 kV.
Post-embedding method. Fixed samples were cut into small pieces, post-fixed in 2.5% glutaraldehyde and then in 1% osmium tetroxide solutions for 1 h. Post-fixed samples were dehydrated in an ethanol series, immersed in propylene oxide, and embedded in Epon 812. Ultra-thin sections were cut at 75 nm thick, mounted on nickel mesh, and etched in 10% hydrogen peroxide in PBS. Etched samples were washed 3 times for 10 min, immersed in blocking solution (3% BSA, PBS) for 1 h, incubated at 4°C in INX2-CT diluted 1 : 300 for 18 h, washed with PBS 3 times for 10 min, incubated in biotinylated horse anti-mouse IgG secondary antibody at room temperature for 1 h, washed 3 times with PBS for 10 min, and immersed in streptavidin-labeled colloidal gold solution (10 nm in diameter). Immunogold-labeled sections were electron-stained weakly in lead citrate and observed by electron microscope.
RESULTS

Tissue localization of innexin 2 by Western blotting
The molecular weight of innexin 2 of silkworms was estimated to be 44 kDa from its amino acid sequence. We used two antisera recognizing different sites of innexin 2 and detected almost identical molecular weight bands in all tested tissues. In Western blotting using INX2-CT antiserum, a prominent band was seen at approximately 35 kDa in tissue extracts of adult P. americana. The tissue extract of abdominal skin also had a band of 50 kDa (Fig. 1A) . In Western blotting using INX2-EL1 antiserum, similarly, bands of 35 kDa were seen in all examined tissue extracts, and a band of 45 kDa in the abdominal skin of the adult cockroach (Fig.  1B) . Consistently across both antisera, the bands of the central nervous system were very weak (Fig.  1A, B) , but the bands and dots of antigens were strong (Fig. 1C, D) .
Immunohistochemical localization of innexin 2 in tissues
To examine the localization of innexin 2 at the Figs. 2A and 3A) . Immunopositive spots were localized mainly at the edges of muscle cells contacting neighboring cells. Some of these spots were found on both sides ( Figs. 2A and 3B ), sometimes only on one side (Figs. 2B and 3A, C) . These reactions were verified by a control experiment as follows; no positive reaction was found in the muscle of the midlegs and gizzards using antiserum preabsorbed by excess antigen (Fig. 4) .
The brains of cockroaches were not stained by INX2-CT, but the calyx of the mushroom body was weakly stained by INX2-EL1 (data not shown). This reaction of the calyx seemed to be nonspecific, since this did not disappear in the antibody absorption test. There were no positive reactions in 248 D. FUSHIKI et al. the abdominal epidermis by both antisera.
Subcellular localization of innexin 2 in gizzard by immunoelectron microscopy
To examine the localization of innexin at the ultrastructural level, we observed the muscle layer of gizzards of adult cockroaches using the pre-and post-embedding methods. The pre-embedding method showed spotted electron dense reactions near the cell membranes facing the neighboring cells (Fig. 5A) . The post-embedding method showed that immunogold particles accumulated in the cell adhesion area (Fig. 5B) .
DISCUSSION
In Western blotting of cockroach tissues, a prominent band of innexin 2 was detected in the abdominal skin, gizzard, and muscles of the pectoral region and coxa of the midleg. In fruit flies, it is known that innexin 2 is present in the gastrointestinal tract (Bauer et al., 2002) . Immunohistochemistry also showed the presence of innexin 2 immunoreaction in these cockroach tissues. These results suggested that cockroach innexins play essential roles in intercellular adhesion and communication.
In the compound eyes of cockroach, however, a band of innexin 2 was detected in Western blotting, but no positive stains were found in the retina by immunohistochemistry. This discrepancy might be due to contamination with a small amount of muscular tissues around the compound eyes during sampling for Western blotting.
It is known that the central nervous systems of fruit flies express innexin 2 (Stebbings et al., 2002) , and in our Western blotting, a weak band was detected in extracts of the brain and eyes; however, in our immunohistochemistry, no specific reactions were detected in the cockroach brain. Although the reason remains to be clarified, the specificity of antisera and/or tissue-specific modification of innexin 2 might be related. In the future, other analyzing methods, such as RT-PCR, in situ hybridization and physiological approaches using knock down, will be necessary to study the functional role of innexins in the nervous system.
Innexins are thought to be components of the cellular junction. In our present study, it is very interesting that innexin 2 reactivity was present on only one side of the cell membrane and no reaction was seen in other facing cells, especially in muscles of the thorax. It has been reported in fruit flies that some innexins may form heterotypic channels with other types of innexins (Stebbings et al., 2000) . Our results in cockroaches might be involved in the formation of heterotypic innexin channels in muscles of the thorax. Further studies may be necessary using more specific antibodies and double-labeled immunocytochemistry to visualize different components of innexins.
Alternatively, it is conceivable that a hemichannel of innexins may be present on the free cell surface and have other functions besides the cellular junction. Recently, it has become known in mammals that hemichannels of gap junctions release adenine or ATP and have an intercellular communication via P2Y receptor (Locovei et al., 2006) . Nerve fibers of the stomatogastric nervous system are distributed only on the hemocoel side of the gizzard (Miyoshi and Endo, 1998) . It is likely that nerve information is transmitted to internal muscles via gap junctions. Functional hemichannels of innexins might assist in propagating nerve information.
Recently, a homolog of innexins was found in vertebrate animals, and named pannexins (Baranova et al., 2004) . Pannexins are thought to be tetra membrane-spinning proteins and are known to form functional channels from expression studies in Xenopus oocytes (Bruzzone et al., 2003) , but whether pannexins form functional channels in vertebrate animals or are vestige proteins replaced by connexins is still unknown. Further phylogenetical studies are necessary to clarify the relationship and functional diversity of innexin, connexin and pannexin in animals.
